This paper examines the determinants of participation of R&D-intensive firms in standards development. Using data on R&D spending, patent, and trademark activities of the world's largest corporate R&D investors and their membership of standards organizations, we find a highly robust positive association between a firm's R&D spending and its participation in standards development. However, the causal effect of R&D spending on membership of standards organizations is conditional upon the firm's patent and/or product-market position, and varies across different types of standards organizations. More specifically, a strong patent position amplifies the effect of R&D spending on participation in standards-developing organizations, while a strong product-market position strengthens the impact of R&D spending on participation in the organizations that promote established standards. Finally, we also show that policy changes that increase the value of patents, such as variations in the preferential tax treatment of patent-related revenue, induce R&D-intensive firms to intensify their participation in standards organizations.
demands participants to devote a significant amount of R&D resources to the development of the technical contributions on which those standards will be based.
To appropriate a return on their R&D investment, firms contributing to the development of open standards often rely on formal intellectual property rights (IPR). However, this appropriation regime may create a significant tension between the goal of standards
organizations to develop open standards available for general use, and the inclusion of proprietary technologies subject to exclusive rights such as patents (Farrell et al., 2007; Lerner and Tirole, 2015) . Given this tension, it might be preferable to develop open technology standards in a different appropriation regime, where firms are motivated to contribute the outcome of their R&D effort by the prospect of using those standards in new products. In fact, several important technology standards were developed under a royalty-free licensing regime, with standardization relying entirely on the incentives of users of standardized technologies to provide the required R&D effort. Firms may simultaneously decide on the levels of R&D spending, participation in standards development, and investment in patents or product-market position. It is thus crucial to understand the interdependencies and strategic interplay among these decisions.
For instance, does a firm's participation in standards development increase in its R&D effort; or does participation in open standardization (and the appurtenant access to other firms' R&D contributions) become less valuable to a firm heavily investing in internal R&D capacity? 2 The role of patents as a means of appropriation is also theoretically ambiguous.
On the one hand, R&D activities and participation in standards development may be more complementary for firms relying mainly on patents to secure their investment because patents reduce the risk that participation in an open process would result in unintended technology spillovers. On the other hand, recognizing the restrictions that standardization places on the licensing and enforcement of patents, firms that depend on patents may be less inclined to participate in standards development when their R&D efforts increase.
If the reliance on patents reduces the complementarity between R&D activities and participation in standards development, R&D-intensive firms may choose either to shift to a different appropriation regime while still continuing to participate in standards development, or to limit their participation in order to retain a greater degree of control over the development and commercialization of their technologies. The existing literature on platforms and innovation networks points to an array of strategies that allow a firm to elicit contributions from other firms to further the development of its technology while retaining exclusive control over key proprietary assets (Boudreau, 2010; Laursen and Salter, 2014; Wen et al., 2015; Alexy et al., 2018) . , and the models of collaborative technology development that draw less extensively on either of these strategies (e.g., Google and its Android OS).
It is equally important to consider the product-based incentives and how these condition the interplay between R&D activities and participation in standards development. For example, a negative effect of the product-market position on this interplay could rationalize the decisions of firms that heavily invest in R&D and contribute to open standards development, to reduce or even divest their product-market activities (e.g., Nokia and Philips). Such an effect would also be in line with the strategies of some R&D-intensive firms who, while being leaders in product markets, choose to limit their participation in the development of open standards (e.g., Apple). Nevertheless, there are also firms that make a significant investment in R&D directed at the development of open standards, albeit their own R&D activities seem to be primarily motivated by product-market considerations (e.g., Cisco, Huawei, and Samsung). Even among patent-intensive firms whose main comparative advantage consists in their ability to provide technological solutions for open technology standards, the product-market position can be used as an important means of appropriating a return on the firms' R&D contribution to open standards development.
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Unpacking these strategic interdependencies is, therefore, important for informing managerial decisions pertaining to business models. It can additionally help us move beyond those anecdotal comparisons, and meaningfully inform important policy debates.
In particular, depending on the respective roles of patent and product-market incentives, policy choices that strengthen or weaken patents in comparison with other appropriation strategies may increase or decrease R&D-intensive firms' incentives to participate in the development of open standards.
In this study, we empirically investigate how the interrelation between a firm's R&D spending and its participation in standards development depends on the strengths of the firm's patent and product-market positions. To do so, we utilize a longitudinal database on the membership of 191 standards organizations (Baron and Spulber, 2018) . The great number of standards organizations covered by our data allows us to identify meaningful variations in the degree of participation even among large and R&D-intensive firms, most of which participate in standards development to some extent. Furthermore, the rich set of standards organizations allows us to identify the distinct motives for participation in different types of standards organizations. The functions of standards organizations vary and encompass such areas as the preparation of technical standards or technical specifications (published as or incorporated into other organizations' standards); the coordination of R&D activities towards the definition of future standards; the resolution of commercial or policy conflicts arising in standards development; the promotion of fully developed standards; as well as the certification of compliance of products or services with established standards. Therefore, we distinguish between organizations that develop and publish technical standards, and organizations that promote technology standards or act in a variety of other ways (such as certification). Our distinction is akin to that between technically oriented and marketing-oriented consortia used by Delcamp and Leiponen (2014) . Previous research has largely been concerned with standards-developing (upstream) organizations, whereas little attention has been paid to the role of (downstream) organizations that certify newly developed standards and promote their implementation.
We argue that downstream standards organizations serve as a necessary bridge between the development of technical standard specifications and the effective standardization through industry coordination on a single standard.
We reveal a highly robust association between a firm's R&D spending and its participation in standards development, which increases in both the firm's patent intensity and the strength of its product-market position. 5 However, we find that only patent intensity increases the positive causal effect of the firm's R&D spending on its membership counts.
In the absence of a strong patent position, the intensity of the firm's R&D expenditure exhibits a negative effect on its participation in standards organizations. Finally, we also show that product-and patent-based appropriation strategies have an association with membership of different types of standards organizations: firms with higher R&D spending expand their membership of standards-developing organizations if their patent position is stronger, whereas a stronger product-market position motivates those firms to expand their membership of standards-promoting organizations.
The positive effect of patent protection on the strategic complementarity between a firm's R&D spending and its participation in the development of open standards has important policy implications. We particularly predict that a policy change resulting in an increased profitability of patents would be associated with increased participation of R&D-intensive firms in standards development. We confirm this prediction by studying the effect of preferential tax treatment of patent revenue (commonly known as "patent boxes"). In turn, product-market factors can motivate R&D-intensive firms to participate in standards organizations that offer no patent-related incentives, although this effect is limited to standards-promoting organizations. Therefore, our findings also shed light on the modularity of standards development -that is, different firms participate in different parts of the standards ecosystem, depending on the strengths of their patent and product-market positions (see Simcoe, 2015) .
The remainder of the paper is organized as follows. Section 2 provides an overview of the related literature. Section 3 describes the data sources and the firm sample utilized in the empirical analysis. Section 4 presents our econometric strategies and results, alongside a set of robustness checks. Section 5 concludes with study implications and limitations.
Related literature
Research on the decision of a firm to participate in a standards organization often looks at this decision as a choice between different organizations providing alternative venues for standardization (Lerner and Tirole, 2006; Chiao et al., 2007; Lerner and Tirole, 2015) .
This so-called forum shopping literature emphasizes the role that the patent policy adopted in standards organizations plays in the venue choice of patent-intensive firms. While some studies analyze the interplay between memberships of different standards organizations (Leiponen, 2008; Bar and Leiponen, 2014; Baron et al., 2014) , there is a lack of causal evidence regarding the firm-level determinants of the extent of such participation.
A smaller number of studies focus particularly on firm-level determinants of participation in standards development. Although these studies have looked at such factors as R&D spending and patenting, they offer no causal evidence drawing on exogenous variation; they also tend to use binary measures of participation derived from surveys or the membership data of a single organization. These measures are informative about the participation decisions of smaller or peripheral firms, but are of more limited use for analyzing the participation decision of large R&D-intensive firms.
The role of R&D expenditure
There are two competing hypotheses regarding the impact of R&D expenditure on a firm's decision to participate in the development of standards. On the one hand, participation in standards development offers a variety of benefits to firms investing heavily in R&D.
In particular, participation in standards development may help firms to coordinate their R&D efforts with other participants (Baron et al., 2014; Delcamp and Leiponen, 2014) , and may also reduce the risk that is inherent to R&D (Aggarwal et al., 2011 (Blind and Thumm, 2004) .
Empirical studies -limited by the absence of causal identification -have produced mixed evidence regarding the role of R&D in firm participation in standards development. Blind and Thumm (2004) analyze 149 European firms and find no statistically significant relationship between R&D intensity and the likelihood of participation. Similar results were obtained for German (Blind, 2004; Rauber, 2014) and Dutch (Meeus et al., 2002) firms. Blind (2006) finds an inverted-U shaped relationship between R&D intensity and the firm's decision to participate in standards development, arguing that meaningful participation requires the firm to have enough capacity to process and internalize the discussed knowledge, while leading R&D performers may limit their involvement in standards development because of the risk of knowledge leakage.
The role of patents
As noted earlier, the risk of technology leakages may deter R&D-intensive firms from participating in the development of open standards. Patents tend to reduce this risk: so, when firms have a strong patent position, it should be less likely that an increase in their R&D effort reduces the extent of such participation (Blind and Thumm, 2004) .
In addition to the role of patents in protecting against unintended knowledge spillovers, participation in standards development may be an opportunity for firms to lobby for their patents to be included in a standard as SEP (Prufer and Larrain, 2018) . 7 The value of participation in standards development is thus more likely to increase in R&D efforts for firms relying on patents. Inclusion of a patented technology into a standard may significantly increase its value (Rysman and Simcoe, 2008) and thereby provide additional financial returns to their owners (Hussinger and Schwiebacher, 2015; . The prospect of these additional returns may serve as an incentive for firms relying on patents to reap a return on R&D efforts to actively participate in standards development in order to increase the chances that their patented technology is included in the standard. Bekkers et al. (2011) show that the extent to which a firm participates in the development of standards is an important predictor of the likelihood of its patents being declared essential for a technology standard.
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At the same time, membership of standards organizations can impose significant costs on firms with valuable patents. More specifically, standards organizations can oblige their members to make SEPs available to standards users on specified licensing terms. In most cases, they require the owners of potential SEPs to commit to making licenses available on fair, reasonable and non-discriminatory (FRAND) terms. Layne-Farrar et al. (2014) argue that a firm owning a potentially standard-essential technology may choose to stay out of standards organizations that stipulate strict licensing requirements, just so that it is free to offer licenses to standards implementers on unconstrained terms.
Empirical evidence on the firm-level correlation between patenting and participation in standards development is inconclusive. Blind and Thumm (2004) find that firms strongly relying on patents to protect the outcomes of their R&D activities are less inclined to participate in standards development. In contrast, Gandal et al. (2004) reveal a positive correlation between patenting and participation in standards committees (as measured by meeting attendance) in the modem industry, but find that it is committee participation that precedes increases in patenting, while patenting is not a significant predictor of committee participation.
Survey-based evidence indicates that there is a complementarity between patenting
and contributing to open standards. Fischer and Henkel (2013) survey low-to high-level managers of a communications equipment firm to investigate the interactions between different strategies to appropriate benefits from technological innovation. The survey 7 There is a sizeable and growing literature on SEPs (see Shapiro, 2001; Lerner and Tirole, 2015; Baron et al., 2016) . See Baron and Pohlmann (2018) for a review of this literature and a new database of declared SEPs. 8 Kang and Motohashi (2015) observe a similar pattern at the inventor level: there are more chances of a patent being declared standard-essential if the technology inventor regularly attends meetings of standards organizations. Berger et al. (2012) note that a large number of patent applications resulting in declared SEPs undergo amendments that seem to be specifically designed to ensure that these patents' claims correspond with the standard specification. Firms participating in standards development may thus obtain information on the progress of the standard to tailor their strategies for acquiring IPR.
respondents identify patenting and contribution to open standards as mostly complementary strategies. While the benefits of patent protection initially increase as the firm contributes to open standards, the effect becomes insignificant or even negative at higher levels of patenting and contribution.
The role of the product-market position
While there is some research on firm-level determinants of participation in standards development, there is a scarcity of evidence regarding the role of product-market incentives.
Nevertheless, product-market incentives seem to play an important role for the participation decision of a large number of firms. Teece and Sherry (2003) contributing costly R&D to the development of these standards must recoup their investment entirely in the market for standards-related products or services, product-market incentives in most standards organizations coexist with the incentives provided by patents.
There is little empirical evidence on the relative importance of product-and patent-based incentives for standards-related collaborative R&D, and the interactions between these appropriability mechanisms.
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Nevertheless, outside the field of standards development, there are salient examples of collaborative technology development processes in which the decision to participate in collaborative forms of R&D is primarily driven by product-market incentives (Fosfuri et al., 2008; Ceccagnoli et al., 2012; Huang et al., 2013) . Most comparable to our study, Huang et al. (2013) 
The data on R&D expenditure, patents, and trademarks
The information on firms' innovation outcomes and other characteristics is extracted from two waves of the OECD Database on the IP Bundles of the World's Top R&D Investors (see Dernis et al., 2015; Daiko et al., 2017) . This database contains annual statistics on the patent and trademark activities of the world's top 2,000 corporate R&D performers, including their subsidiaries, for the period between 2010 and 2014. The selection of firms to add to the OECD database is guided by the EU Industrial R&D Investment Scoreboard (see Guevara et al., 2015) , which also serves as the source of economic and financial data.
The intellectual property (IP) statistics is derived from the five major IP offices (IP5), located in Europe, the United States, Japan, South Korea, and China. To avoid double counting of patent applications filed at different IP offices, the patent data in each of the waves is further consolidated in "[families] of patent applications with members filed at least in one of the IP5, excluding single filings" (Dernis et al., 2015, p.20) . Overall, the firms included in the OECD database own 66% of all IP5 patent families; trademark ownership is more dispersed, with about 8% of all applications being filed in the European Union, the United States, Japan, and Australia (Dernis et al., 2015) .
As the list of the firms ranked among the world's top 2,000 R&D investors changed from the first wave (published in 2015) to the second wave (published in 2017), we retained only those firms that appeared in both waves. Having controlled for name and ownership changes over the sample period, as well as for other discrepancies to ensure data consistency,
we were able to identify 1,633 firms that appeared in both waves, amounting to almost 82% of the top 2,000 corporate R&D performers considered in the original 2015 wave.
Sample construction
To construct the sample for our empirical analysis, we match the 1,633 firms obtained from the intersection of both waves of the OECD database to the Searle Center database. For the observation period, we establish matches between the firms in the OECD database and the membership records of 177 standards organizations. We use the name harmonization file supplied by the Searle Center database to perform the matching, while also significantly extending it to improve compatibility with the OECD database. In a few instances, the name harmonization procedure results in several firms from the OECD database collapsing into a single observation (e.g., "Mitsubishi Electric" and "Mitsubishi Materials" are harmonized as "Mitsubishi") -we aggregate all the statistics for such firms. This matching procedure yields a sample of 1,609 firms.
It should be noted that the OECD database includes R&D-intensive firms from many industries. To verify whether it provides good coverage of the firms which are most intensely involved in ICT-related standards development, we assess it against the information in the Searle Center database. Our assessment shows that the average firm in the OECD database is a member of 5.36 standards organizations. The OECD database firms collectively account for 9.3% of all membership observations. The share of these firms among the entities with a particularly large number of memberships found in the Searle Center database is much higher: for example, 42 of the 50 entities with the highest number of memberships of standards organizations are included in both waves of the OECD database.
Using the Database of Declared SEPs (see Baron and Pohlmann, 2018) , we find that out of 144,521 declared SEPs, 124,846 patents (86.4%) belong to the firms included in both waves of the OECD database. In particular, this database contains 36 of the 50 entities with the highest number of declared SEPs. 14 We further draw on two databases of certified standard implementations to calculate the number of standards-compliant products each firm offers. 15 We identify 36,831 unique products that comply with standards developed by ICT standards organizations, of which 26,257 products (72.2%) are offered by the firms included in both waves of the OECD database. Overall, this analysis suggests that the OECD database contains a large majority of the top standards organization members, SEP owners, and implementers of ICT standards.
The second stage of sample construction is to limit the matched sample to the firms in the industries most relevant to ICT standards development. We adopt the FTSE's Industry Classification Benchmark (ICB) to define industries, and then select the industries of The construction of the sample: An industry breakdown interest using the same data and criteria as above (i.e., membership counts, declared SEPs, and standards-compliant products; see Table 1 for further details). 16 We create two samples.
There is a narrower sample covering six industries that are most involved in developing ICT standards, namely: Broadcasting and Entertainment, Consumer Electronics, Electronic and Electrical Equipment, Fixed Line Telecommunications, Mobile Telecommunications, and Technology Hardware and Equipment (Industry Sample 1 ). In each of these six industries, the average number of membership counts per firm is higher than 10, apart from in the Electronic and Electrical Equipment sector; at least 20% of the firms have declared one or more SEPs; and at least 15% of the firms sell standards-compliant products.
From the intersection of the two waves of the OECD database, 417 firms are included in this industry sample. Recognizing that the above six industries do not encompass all of the most significant corporate entities participating in standards development, we also construct a larger sample of 11 industries, which covers 694 firms (Industry Sample 2 ).
This sample is selected to account for all the most relevant stakeholders in ICT standards development among the firms in the OECD database, but it includes industries that are more heterogeneous with respect to the relevance of ICT standards development. In addition, we also distinguish between standards developers that receive and publish at least one SEP disclosure, and other standards developers.
The description of variables
In applying the above classification, we rely on each organization's self-description on its official website (websites were consulted from February to April 2018). Since the distinction is not always straightforward, 19 we refine the classification by using additional sources of information. For example, an organization is classified as a standards developer if the Searle Center database includes standards that it developed; if it is listed among the developers accredited by the American National Standards Institute; or if it publishes information on disclosed SEPs. In order to identify standards organizations that have received and published at least one SEP disclosure, we use the data from Baron and Pohlmann (2018) .
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Overall, among the 177 standards organizations included in our analysis, 58% are classified as standards developers, 23% as standards promoters, and 19% as "other"
organizations. Of the sampled firms, 41% were a member of a standards organization in the developers group, 17% in the promoters group, and 15% in the "other" group (all numbers are averaged across the 5 years of the sample period).
Explanatory variables. To measure the level of R&D investment, we take the natural logarithm of the firm's reported R&D expenditure in a given year (lnRD). Patent-intensive firms are captured by a dummy variable that takes the value of one if the firm's ratio of patent counts to the number of employees is above the sample median, and zero otherwise (PT High). Similarly, we identify firms with a strong product-market position by introducing a dummy variable that takes the value of one if the firm's ratio of trademark counts to the number of employees is greater than the sample median (TM High). 21 We use trademark statistics to capture the firm's product-market position, largely owing to the variety of functions trademarks can perform: along with differentiating the product offering of one producer from that of another, trademarks are also shown to be a reliable proxy for innovation and, more generally, new product development activities, especially at the commercialization stage (see Mendonça et al., 2004; Helmers and Rogers, 2010; Sandner and Block, 2011; Crass et al., 2016) . Given the diversity of market-related information trademark statistics tend to incorporate, we are confident that this approach provides us with a suitable proxy for the product-market position of a firm.
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Control variables. We include several firm-level characteristics to control for the factors that can potentially affect the firm's decision to participate in standards development:
the total number of employees (lnEmployees), net sales (lnSales), and the firm's capital intensity (measured as capital expenditure over net sales; lnCapital Int). Each of these variables is log-transformed. We also control for year fixed effects and regional trends. The latter are controlled for by adding interaction terms between year (as a continuous variable) and regional dummies (i.e., North America, Europe, China, Japan, South Korea, and other). 23 We thus attempt to capture any notable shifts in the patterns of patenting and participation in standards development in different regions of the world. For example, the increased participation of firms from emerging markets in global technological development may induce spurious correlations between patent counts and membership of standards organizations, which are not controlled for if only year and firm fixed effects are used.
4 Empirical analysis
Descriptive statistics
In Table 2 , we provide descriptive statistics for standards organizations and their members.
For each indicator, we first calculate its yearly averages (or totals for the membership data)
for a given standards organization and then find the mean over the period 2010-2014. 
Econometric analysis 4.2.1 Baseline models
In this section, we present the estimates of our baseline model of firm participation in standards organizations. More specifically, we adopt the following model specification:
where y i,t is the count of firm i's memberships of standards organizations in year t; rd i,t is the firm's R&D spending; pt i and tm i are time-invariant dummy variables measuring firm i 's patent and trademark intensity; X i,t is a vector of firm-level control variables, including number of employees, sales, and capital intensity; Y t is a vector of year dummies;
reg trend i,t is a vector of regional trends; and i,t is a normally distributed error term (all variables are log-transformed). To attenuate concerns of reverse causality, we use one year lags of all firm level independent variables (results are robust to using simultaneous values instead).
We estimate Equation 1 using a fixed-effects OLS regression. Throughout the analysis, we report the results from the narrower and more homogeneous Industry Sample 1. However, we observe very similar results from the larger and more heterogeneous Industry Sample 2 (see Table 12 in Appendix A). The results of this analysis are reported in Table 3 . Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. The main explanatory variable of interest is the firm's R&D expenditure (Model 1), depending on its IP positions. Given that we utilize the fixed-effects estimation technique, the time-invariant variables, such as IP dummies, cannot be estimated on their own. We first interact R&D spending with each IP dummy variable separately (Models 2-4), and then include a three-way interaction term incorporating all three variables (Model 5).
We find a strong and statistically significant positive association between the firm's R&D spending and the count of its standards organization memberships (Model 1).
Furthermore, we also find that this association depends on the firm's IP intensity, as it significantly increases for the firms with patent and trademark intensities above the sample To gain further insight into the results, we allow the coefficients of interest to vary by industry. Figure 1 presents industry-specific coefficients and their 95% confidence intervals.
This analysis suggests that the association between the firm's R&D expenditure and the count of its standards organization memberships is positive in all 6 industries included in Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. While the results presented so far are based on binary measures of IP intensity, in Table 4 , we present the results from estimating models with continuous counts of patents and trademarks. In Models 1-4, we include pre-determined counts based on the number of IP applications in 2010, the first year of our sample period. Similar to the previously used IP dummies, these pre-determined counts are time-invariant; thus, the interaction terms in the fixed-effect specification can be regarded as variations in the effect of the time-variant R&D measure depending on the firm's IP intensity. In Models 5-7, we use time-variant patent and trademark counts based on the flow of applications over time.
These specifications draw on richer information because we also take into account variations in IP intensity over time. However, the interaction terms are more difficult to interpret in this case: they can indicate variations in the effect of either the extent of R&D spending by IP intensity or IP intensity by the extent of R&D spending. The baseline effect of IP counts without interactions is included in Model 5.
The results are broadly in line with those obtained from the baseline specifications with IP dummies. More specifically, the association between the firm's R&D expenditure and its membership of standards organization significantly increases in the firm's number of patents (pre-determined). The number of trademarks also has an amplification effect on this association, even though the effect vanishes when patent counts are included in the model as well (but not for time-invariant trademark counts). As before, there is no evidence for significant interactions between the two types of IP counts.
While using time-variant IP counts allows us to test for direct effects of IP positions, we find these to be insignificant. This can suggest that IP counts influence the participation decision of only particular R&D-intensive firms. It is also plausible that the within-variation over 5 years is not highly informative of the main effect of IP counts because the flow of IP applications is often subject to significant stochastic shocks. We hypothesize that the firm's participation decision is more likely to be driven by the overall size and value of its IP stock rather than within-variations in IP applications over short time horizons.
The heterogeneity among standards organizations
Next, we divide our sample into standards-developing, standards-promoting, and "other" standards organizations. Among standards developers, we further distinguish between the organizations with standards potentially subject to SEPs and those without such patents. In Table 5 , we present the results from testing our baseline specification for membership counts within each of the five types of standards organizations. We find that there is a positive effect of R&D spending on the firm's membership count of standardspromoting organizations (Models 3 and 4), whereas the effect is insignificant for other types. 24 Regarding the conditioning effect of the firm's IP positions on the association between R&D expenditure and membership counts, rather heterogeneous patterns emerge among different types of standards organizations: both patent and trademark intensities significantly interact with the firm's R&D expenditure in determining its membership count of standards-developing organisations (Model 2). Moreover, the patent position substantially enhances the effect of the firm's R&D expenditure on its membership of the organizations that develop standards linked to SEPs (Model 8). In contrast, the firm's trademark intensity is found to have a positive moderating effect on its membership of standards-promoting organizations (Model 4). We can thus conclude that a strong product-market position appears to provide an incentive to R&D-intensive firms to be a member of standards organizations that do not offer explicit patent-based rewards. Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. To identify the causal effect of R&D investment on the extent of a firm's membership of standards organizations, we adopt an instrumental variable (IV) approach in conjunction with the fixed-effects models specified before. Following Bloom et al. (2013) , we utilize firm-specific R&D tax support to instrument for firms' R&D expenditure. A large body of literature provides strong evidence that national and/or state-level R&D tax support has a positive effect on firms' R&D spending (Bloom et al., 2002; Hall and Van Reenen, 2000; Rao, 2016) . We draw on an OECD database on implied tax support for R&D.
25 From the database, we select the levels of implied tax support for R&D expenditures by large firms in a profit-making scenario. In line with the literature (Griffith et al., 2006; Bloom et al., 2013) , we use the listed country of residence of inventors from the firms' patents (obtained from the OECD database) to build a firm-specific measure of the total weighted tax support, which sums over the tax support in each country where the firm operates, weighted by the share of the firm's R&D activities conducted in that country.
While we rely on the literature in using R&D tax support as an IV for firm-level R&D expenditure, there are some caveats. First of all, R&D tax support may be endogenous to the factors that also influence the firm's functioning, such as macroeconomic conditions or the political environment. Nevertheless, some recent evidence suggests that the endogeneity of R&D tax support leads to a downward bias, thereby underestimating its causal effect on R&D spending (Chang, 2018) . We are therefore confident that, if relevant, potential confounding factors should bias us against finding a significant first-stage effect. Second, there is evidence for variations in the effect of R&D tax credits by industry and firm size (Castellacci and Lie, 2015) , leading to bias in the estimation of instrumented interaction terms. While R&D tax credits are often found to be more significant in affecting R&D spending by smaller firms, this effect should once again bias us against finding a significant first stage effect in our sample of large firms. We undertake a thorough analysis of the validity of our IV (see Appendix B), and conclude that the firm-specific total weighted R&D tax support significantly predicts R&D spending by the firms included in our sample, and there is no evidence that this effect varies in the firm's IP intensity. Table 6 reports the results from estimating the second-stage structural model of the extent of participation in standards development using the IV outlined above. Accounting for the potentially endogenous link between the firm's R&D spending and its membership of standards organizations, there is no statistically significant effect of R&D expenditure (Model 1) on avarage. Instead, this effect is conditional upon the firm's patent position (Models 2 and 4). In Table 7 , we present the analysis examining the heterogeneous patterns across different types of standards organizations. It suggests that the patent intensity is a conditioning factor for the effect of the firm's R&D spending on its membership of standards-developing organizations (Model 2). At the same time, the trademark intensity has a positive effect on the link between the firm's R&D expenditure and its membership of standards-promoting organizations (Model 4). Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Note. The instrumental variable is the amount of indirect government support via R&D tax incentives (as % of GDP) at time T-1. Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Note. The instrumental variable is the amount of indirect government support via R&D tax incentives (as % of GDP) at time T-1. 
Alternative measures of product-market position
So far, we have observed that a strong product-market position enhances the willingness of an R&D-intensive firm to participate in standards development. Throughout the analysis, we have employed trademark intensity to capture this position, even though it is likely to be a multidimensional concept. To account for its alternative dimensions, we supplement our analysis with two additional measures: the first is a dummy variable that takes the value of one if the firm is on the list of the 500 most valuable corporate brands (as estimated by the Brand Finance Group; see www.brandfinance.com), and zero otherwise. The second measure is the number of ICT standards-compliant products offered by the firm; to count these products, we use the information from the GSM Arena website (see Section 3.2 for more details). Since we draw on annual surveys of corporate brand value, and the GSM Arena website provides product release dates, we are able to compute both time-variant and time-invariant measures. We employ time-variant brand value indicators and product counts to test for their direct effects, whereas pre-determined variables are used to test for interactions with time-variant R&D expenditure.
We argue that both measures may reflect the firm's product-market position as well.
For example, differentiation by means of the corporate brand can substitute for productrelated differentiation captured by trademarks (Agostini et al., 2015) . Valuable corporate brands can serve as a reputation-based mechanism via which the firm retains its existing customers and attracts new ones. In this case, some degree of complementarity is expected between the value of the corporate brand and the intensity of product-related differentiation.
In turn, the number of ICT standards-compliant products capture the breadth of the firm's product offering. Since trademark intensity corresponds with the number of differentiated products, using product counts and trademark intensity at the same time should help us distinguish between the effects of the breadth of product offering and the depth of product differentiation.
The results of this analysis suggest (see Table 8 ) that each of the additional measures enhances the effect of the firm's R&D spending on its membership of standards organizations (Models 3 and 4). This finding supports the argument that the firm's ability to appropriate its R&D investment by leveraging a strong product-market position can provide an incentive for participation in standards development. The positive effect of trademark intensity on the association between R&D spending and standards organization membership remains significant even after controlling for other dimensions of the firm's product-market position.
Next, our analysis of time-varying product counts identifies a positive relationship between the firm's product counts and its counts of standards organization memberships.
This finding may indicate that a firm's strong product-market position (particularly in the relevant end-product markets directly implementing the standards under development) provides incentives for it to participate in standards organizations that are independent of its Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Note. Top500 denotes the time-variant position of the corporate brand value. Top500 ti denotes the time-invariant (as of 2009) position of the corporate brand value. Prod count denotes the total number of ICT standards-compliant products offered by the firm each year. Prod count ti denotes the time-invariant (the total for the period before 2009) number of ICT standards-compliant products offered by the firm. Producer is a dummy variable that takes the value of one if the firm offered at least one ICT standards-compliant product in the period before 2009, and zero otherwise. Table 8 : Fixed-effects models with IP positions: Alternative measures of the product-market position R&D effort. This observed effect may be attributed to the firm's willingness to participate in shaping the standards developed for its products; the importance of timely information about future technology development; and the desire to benefit from knowledge spillovers from other firms contributing new technologies to standards development. Nevertheless, there can also be other interpretations for this positive relationship, such as reverse causality, whereby increased participation in standards development induces greater implementation of new technology standards.
Lastly, regarding the interaction between IP positions and these two extra dimensions of product-market position (Models 5 and 6), there is some evidence of a potential trade-off (or substitution) between trademark intensity and being a producer of standards-compliant products, as well as between patent intensity and the value of the corporate brand. In other words, the previously observed role of patent and trademark positions in incentivizing R&D-intensive firms to participate in standards development seems less relevant for firms that have a stronger corporate brand and/or offer a larger number of standards-compliant products. Therefore, these findings lend some support for the hypothesis that formal IPR encourage modularity in technology development, and provide incentives for participation in standards development which are particularly relevant to R&D-intensive firms without a large number of own products incorporating the developed standards.
The policy change: An analysis of patent boxes
Our analysis has so far revealed that a strong patent position increases the strategic complementarity between a firm's R&D investment and its participation in standards development. Therefore, we expect that a policy change that increases the value of patent protection will induce R&D-intensive firms to expand their membership of standards organizations. To test this prediction, we analyze the effect of the introduction of patent boxes, or fiscal regimes that grant favorable tax rates to revenue derived from patents.
The introduction of patent boxes increases the value of patent protection relative to other mechanisms facilitating the appropriation of returns on R&D investment.
Specifically, we hypothesize that the introduction of a patent box has a twofold impact on affected firms. First, the patent box regime makes patent ownership more attractive and thus induces firms to file more patent applications or acquire patents from other firms not benefiting from the patent box. Second, a lower tax rate on patent-related revenue increases the value of both existing and new patents, rendering firms more responsive to the strategic incentives provided by patents. We thus expect that the introduction of a patent box increases the extent to which the R&D-intensive firms benefiting from the box participate in standards. Moreover, we expect that this effect increases in the extent to which the firm relies on patents to protect its new technologies. A firm with a higher patent intensity (prior to introduction of the box) has a greater revenue share benefiting from the favorable tax treatment.
We do not observe the precise extent to which firms are influenced by patent boxes.
Patent boxes are national instruments, and most of the firms in our sample are large multinational corporations paying taxes in multiple jurisdictions. We nevertheless hypothesize that, on average, the introduction of a patent box in a country has a larger effect on multinationals headquartered in this country than other multinational corporations headquartered elsewhere. We therefore use a simple difference-in-difference approach, where we observe the standards organization membership counts of firms headquartered in patent box countries before and after the introduction of patent boxes compared with other firms in the sample. We still acknowledge that other firms may also be affected, either because they already hold patents in the country or because they may relocate patents from other jurisdictions (see Ciaramella, 2017) . For greater robustness, we further carry out a difference-in-difference-in-difference comparison, where patent-intensive firms in patent box countries are compared with non-patent-intensive firms, as well as with firms headquartered in other countries.
Country
Introduction year TM included # sampled firms Table 9 ). We then exclude
Ireland and Italy, where the introduction of a patent box regime occurred outside of the observation period for our data on membership of standards organizations. We also exclude patent box regimes that apply to both patents and trademarks because we seek to reliably attribute the empirical results to patents. 26 So, we are left with eight patent box regimes introduced in the period 2000-2014. They have an effect on 92 firms in Industry Sample 1 : under a half of them (41 firms) are from China, while the remainder are from Europe.
We estimate the effect of patent box introductions in a fixed-effects setting over a panel spanning a longer period than our 5-year sample period. We further interact the dummy variable indicating the patent box being introduced with time-invariant firm-level variables (i.e., average R&D expenditure and IP dummies); we also continue to control for year fixed effects and regional trends. As the results suggest (see Table 10 ), there is a statistically significant positive effect of patent box introduction on standards organization membership counts (Model 1), and this effect is stronger for patent-intensive firms (Models 3 and 5).
More specifically, the introduction of a patent box regime increases a patent-intensive firm's number of memberships of standards organizations by approximately one organization. Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. We next distinguish between the effect of a patent box regime on membership counts across different types of standards organizations. We focus on the difference-in-differencein-difference comparison between patent-intensive firms in patent box countries and other firms in the sample as the most robust estimation of the effect of the patent box regime.
The results indicate (see Table 11 ) that the introduction of a patent box has a positive effect on membership counts of the affected firms with a higher intensity of patent applications across all but "other" standards organizations. The most prominent appropriation mechanism identified by our analysis is patent protection. As our IV estimations suggest, the interaction between a firm's R&D spending and its patent position positively determines membership counts, but its effect is confined to the organizations that develop and set their own standards (vis-a-vis those tasked with promotion, certification, or other ancillary functions). This finding underscores a significant strategic complementarity between patenting and participating in standards development.
Independent variables
Both strategies are characteristic of a highly modular form of innovation, where diverse actors create individual pieces of a complex technology, and then use licensing to generate a return on their investment (Arora and Fosfuri, 2003) . Our findings suggest that compared with other commonly used means of appropriation, such as secrecy, complexity, and lead time (Cohen et al., 2000) , patents offer a higher level of compatibility with the processes adopted by open standards organizations.
We have further shown that the association between a firm's R&D spending and its membership of standards organizations is reinforced not only by the firm's patent protection, but also by its product-market position. In our empirical analysis, we have used such measures as trademark intensity, brand value, and counts of standards-compliant products to capture various dimensions of a firm's product-market position. Our findings thus attest to the significance of downstream assets underlying these dimensions (e.g., capabilities in manufacturing, distribution, or marketing) for standards development. Such assets can serve as yet another appropriation mechanism that allows the firm to profit from its R&D contribution to those standards organizations in which patent-based incentives are absent (Teece, 1986; Arora et al., 2001; Pisano, 2006) . The findings presented in our study have important implications for business strategy and policy making concerning standardization in the ICT sector. Above all, they emphasize the role of patent-based incentives for business participation in standards development, which is in line with previous research that links patenting to engagement in collaborative technology development (e.g., the participation of independent software vendors in software platforms; see Huang et al., 2013) . The fact that the effect of patent protection is not exclusive to standards organizations with standards subject to declared SEPs suggests that patents induce participation in standards organizations not only through increasing a return on innovation (the appropriation mechanism), and providing legal protection against the risk of unintended spillover of technology to other firms participating in the standardization process.
These findings add to the ongoing debate on appropriate policies for the inclusion of patented technologies into standards and the enforceability of those patents (see Lerner and Tirole, 2015) . It is well understood that the decision of an individual standards organization to tighten its patent policies may induce firms relying on patents to opt for a different venue to pursue standards development (Lerner and Tirole, 2006; Chiao et al., 2007) . 27 Our results highlight that overall participation of R&D-intensive firms in standards development may be affected by the pronouncements of courts and/or policy makers that impact the value and enforceability of patents more generally. The results of our patent box analysis corroborate our interpretation of the baseline results, confirming that policies that strengthen the value of patents may motivate R&D-intensive firms to participate in a larger number of standards organizations, especially those organizations that develop standards. This effect is highly relevant, as governments and regulatory authorities around the world seek to formulate principles for patents used in the standardization process.
28
There are several limitations to this study, which present opportunities for future research. First, since our sample only consists of large R&D investors, some of our findings may have limited application to small firms. For example, Simcoe et al. (2009) point to a disparity between incumbents and entrepreneurial start-ups in standards development.
Second, our measures of product-market position may not fully encompass all its dimensions given the complexity associated with this construct. Third, in our empirical analysis, IP positions are largely treated as time-invariant, thus rendering it difficult to consider the dynamic effects of patents and trademarks on participation in standards development.
Fourth, we have identified the coexistence of different appropriation mechanisms that 27 The IEEE is among prominent standards organizations that amended its patent policy in 2015 to tighten restrictions on the licensing and enforcement of patents used in standardization. 28 The European Commission in its 2017 Communication on the EU approach to Standard Essential Patents states two main objectives for the policy framework for SEPs: "incentivising the development and inclusion of top technologies in standards, by preserving fair and adequate return for these contributions, and ensuring smooth and wide dissemination of standardised technologies based on fair access conditions".
motivate R&D-intensive firm to participate in standards organizations. Future research could study the interactions between firms driven by patent-and product-based incentives in the course of standards development. In particular, a debate is gaining traction among practitioners and policy makers in ICT standards development about the nature, extent and implications of the interplay between contributors and implementers. Our distinction between patent-and product-based incentives offers a more nuanced approach to these important issues. Moreover, our membership data may not present a full picture of activities pertaining to ICT standardization, and thus another promising future avenue is to offer finer-grained insight by incorporating data on detailed contributions, meeting attendance, votes and so forth. Finally, while our study has focused on the determinants of participation in standards organizations, the effect of participation in collaborative standards development on business performance and innovation is still not well understood. Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Note. Each dependent variable (DV) is considered at time T. The instrumental variable is the amount of indirect government support through R&D tax incentives (as % of GDP) at time T-1. L.rd tax support pctgdp and business R&D expenditure at the country level (Table 14) . In a sample of 29 countries, we confirm that L.rd tax support pctgdp is a strongly significant predictor of business R&D expenditure when controlling for country fixed effects (Model 1). This relationship remains statistically significant at 5% when controlling for year fixed effects and regional trends (Model 2), GDP in constant US dollars (Model 3), as well as significant at 10% when controlling for an additional set of control variables, such as the unemployment rate, government expenses in R&D, and higher education expenses in R&D (Model 4). The loss in significance between Models 3 and 4 is attributable to the fact that the additional control variables are only available for a shorter time span (the significance level of the instrument also drops to 10% when running Model 3 on the smaller sample of Model 4). We thus conclude that there is a stable relationship between L.rd tax support pctgdp and business R&D expenditure, which is independent of cyclical effects, regional trends, GDP growth, and non-business R&D.
We also confirm that this relationship is broadly supported across world regions. The coefficient for L.rd tax support pctgdp receives positive support from five out of six world regions (Model 5), the exception being Europe. Nevertheless, in the smaller sample and with additional control variables, also Europe provides positive support for the coefficient.
The coefficient is individually strongly significant for North America and Japan.
As a next step, we wish to ensure that this relationship carries over to the firm level, and in particular to the large firms in our sample, which often conduct R&D in multiple countries. We thus use the country of residence of the inventors of patents included in the OECD database to observe where these firms conduct R&D. The measure is a matrix, where if 70% of the inventors of firm A are residents of country 1, and 30% are residents of country 2, the level of R&D tax support of country 1 is weighted by 0.7, and the level of tax support of country 2 is weighted by 0.3, and we sum these weighted R&D tax support figures to build a firm-specific measure of weighted-average R&D tax support in the countries in which the firm's R&D takes place. We then use this measure to predict lnRD.
Controlling for firm and year fixed effects, regional trends, and other firm level characteristics, results in Table 15 show that L.rd tax support pctgdp strongly predicts lnRD in the OECD sample of top R&D performing firms (Model 1). This holds true when controlling for weighted average GDP, in constant USD (Model 2). As adding the control variable GDP has little effect on the relationship between L.rd tax support pctgdp and even Dependent variable: business R&D expenditures in constant USD; Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. Dependent variable: lnRD; Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. represented in the OECD sample, and is thus highly robust to between-industry variation ( Figure 3 ). Among the industries included in our analysis sample, the only exception to this is Mobile Telecommunications, where there is a strongly significant negative relationship.
Nevertheless, given that only four of the OECD top R&D performing firms belong to this industry, this is unlikely to affect our results.
While we find evidence that the significance of the effect of L.rd tax support pctgdp on lnRD decreases in firm size, this is only true when measuring firm size by number of employees, and in any case, the heterogeneity of effects is only mildly significant (Models 5-7). More importantly, there is no evidence that the effect of L.rd tax support pctgdp on lnRD depends on the patent-or trademark-intensity of firms. L.rd tax support pctgdp is thus likely to be an equally strong instrument for lnRD of firms that are relatively more patent-or trademark-intensive.
Finally, we want to assess whether the IV is likely to violate the exclusion restriction.
Despite rules for the R&D tax support eligibility of expenses varying from one country to another, support is generally limited to activities directed at scientific or technological Note. Coefficients and 95% confidence intervals. All estimates are based on Model 1 in Table 15 discoveries. 29 Membership fees in standards organizations, travel expenditure for meeting attendance, and other non-R&D-related expenditure arising from participation in standards development should thus generally not be eligible. If the R&D tax support has the effect of subsidizing participation in standards development, this effect is transmitted via a reduction of the firm's cost of conducting R&D.
While there is thus no significant risk that R&D tax support may directly subsidize non-R&D expenses for participation in standards development, there may still be an indirect effect not transmitted via increased R&D expenses, but through reduced tax payments, resulting in increased profits. To rule out this alternative channel, we run Models 1-8 from the previous analysis with operating profits instead of R&D expenditure as dependent variable. As shown in Table 16 , there is no evidence for a significant effect of R&D tax support on operating profits, thus attenuating concerns regarding the validity of the exclusion restriction.
29 The Internal Revenue Service in the US limits R&D tax credits to the expenses "undertaken for the purpose of discovering information which is technological in nature" (see https://www.irs.gov/businesses/audit-techniques-guide-credit-for-increasing-research-activities-i-eresearch-tax-credit-irc-41-qualified-research-activities). Dependent variable: lnOperatingProfit; Robust p-value in parentheses: *** p < 0.01, ** p < 0.05, * p < 0.1. 
